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The objective of this study was to analyze the results obtained from tests done by simulating the crash landing
of a rotary wing unmanned air vehicle with a skid type landing gear. The experimental and computational methods
were used in the simulation tests. In the �rst portion of the test; namely with the experimental method, the impact
loads induced by the simulated crash landing and the stresses, strains, deformations generated by these loads, were
recorded by drop test apparatus. In the second portion of the test with the computational method, free falling of
the skid type landing gear was modeled and crash landing test was simulated numerically by using ANSYS code.
Experimental methods were applied on four skid landing gear specimens with di�erent shapes. Each of the test
samples used in the following test was evolved because each sample was developed and redesigned based on the
feedback results obtained from the former test.
The �rst three test specimens were manufactured from 2024 T3, 7075 T6 and 6061 T6 aluminum alloys respectively
and all of them were curved in Π-form with a solid cross section. The last and fourth specimen was also manufac-
tured from 6061 T6 aluminum alloy and it was curved in a hollow semi-circle form (∩-form). It is concluded that
the last and fourth developed specimen was the best in absorbing the impact energy and enduring the crash.
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1. Introduction

Development of Unmanned Aerial Vehicle (UAVs) is
an increasingly popular research in both academic and
industrial �elds. There is a wide range of applications
performed by UAVs, such as tra�c surveillance [1], recon-
naissance [2], search and rescue [3], stochastic patrolling
and collision avoidance-�re detection [4], �re detection
[5], cinematography, and exploration. Compared with
�xed-wing UAVs, helicopters are capable of performing
missions in high risk and demanding environments with
exclusive capabilities including hovering, vertical takeo�
and landing in limited launching spaces, and extremely
agile maneuvering. With the growth of electronic tech-
nology, onboard avionics are shrinking in size and weight
which decreases the payload of the helicopter. Thus, the
development of a UAV with a small-scale low-cost heli-
copter becomes possible and has been investigated by a
number of research institutes. For example, the robotics
institute at Carnegie Mellon University (CMU) [6], the
MIT UAV team [7, 8], the University of Berkeley aerial
robots team [9], Georgia Tech [10], the Stanford Univer-
sity [11] and the Bandung Institute of Technology (ITB)
Department of Aeronautics and Astronautics [12], have
developed fully or partially autonomous helicopters over
the past decade.
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Mikhailova [13] proposed a �nite element model to an-
alyze the landing of a helicopter numerically. Mikhailova
et al. [14�15] developed three-dimensional design model
of a helicopter tubular skid landing gear based on the
application of the large beam displacement theory. The
analysis of a real helicopter structure was given, that con-
�rms su�cient validity of calculation results, obtained
using the model developed by comparing with the numer-
ical and experimental values. Kim et al. have studied the
nonlinear crash behavior of the skid landing gear of heli-
copter. Detailed three-dimensional �nite element model
with variable thickness and material nonlinearity was
constructed for required impact design conditions [16].

In this study, an unmanned aerial vehicle with a skid
type landing gear was subjected to simulated loads and
the resulting stresses and deformations resulting from
these loads were studied in detail. The analyses were car-
ried out in two di�erent stages using both experimental
and computational methods. The experimental results
which were obtained by using the data of accelerations,
stresses, strains, speeds and the mass were compared
with the results of �nite element analysis achieved by
using ANSYS LS-DYNA software. Thus it became pos-
sible to verify experimental results by the numerical anal-
ysis techniques. Experimental methods were conducted
for four di�erent type of specimens. These four speci-
mens were not manufactured simultaneously but in fact,
each specimen was manufactured in conjunction with
the feedback data which was obtained from the previ-
ous experiment. Thus, it was possible to manufacture
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each specimen one after another. The �rst three spec-
imens were manufactured from 2024 T3, 7075 T6 and
6061 T6 Aluminum alloys, sequentially. With the con-
duction of fourth and the last experiment, by considering
and analyzing the obtained data, it was concluded that
the tube specimen, manufactured from circular cross-
sectioned material and formed in ∩-shape was the op-
timum model in absorbing the nearly entire impact en-
ergy. Consequently, the fourth model was modeled in the
ANSYS �nite element software by the implicit dynamics
module (LS-DYNA). The input data obtained during ex-
periments were applied to the ANSYS code and with this
procedure the �nal results were reached [17].

2. Experimental studies

Experimental studies performed on four specially pro-
duced test skid girder specimens and free drop tests were
carried out and controlled by using the electronically con-
ducted test devices. In the experimental studies, the ex-
amined parameters were the geometric features of the
landing gear tubular prototype and the kind of material
used in the formation of the specimen. Experiments were
performed in the experimental setup given in Fig. 1. The
tests were carried out with the free drop testing equip-
ment and experimental setup. This laboratory equip-
ment enables one to perform dynamic modeling of sud-
den collision, to implement the experiment and to collect
data. Therefore it was the most preferred hardware in the
literature. The mechanism has been developed to lower
di�erent weights from height of 2.5 meters with a hammer
and it was especially developed for crash tests. In other
words, these tests were performed for the simulation of
the hard landing of unmanned air vehicles to horizontal
ground level by raising the test heading to speci�c alti-
tude and then releasing them from this point. Brie�y,
this physical experiment was named as the crash landing
of air vehicle.
Chrome wheel systems, chrome bearing line and the

castermid hummer were preferred to reduce the friction
in the experimental setup. The skid girder was attached
to the experimental equipment head temporarily with 4
bolts and it was lowered suddenly with the help of a lever.
In real life, skid type landing gears were attached to the
helicopters with the welded joint connection, and simi-
lar four point connections were made in accordance with
the original connection type to these experimental proto-
types. In the experiments, four di�erent skid girder spec-
imens were tested sequentially. The tested skid girder
samples were made of four di�erent Aerospace series alu-
minum alloy materials. Their mechanical properties are
given in Table I.
Speci�cations of the free drop test-procedures applied

to the skid girder prototypes, are given in Table II. Here,
K, Ø refer to the thickness and diameter of the skid
respectively. The total weight of the experimental equip-
ment and their fasteners, which were connected to the
tester machine, was 7.5 kg. All of the specimens were re-
leased from the height of 500 mm. Tests were performed

TABLE ITypical mechanical properties of Alu-
minum alloy used in free drop tests [18].

Material Failure Yield Elasticity Fracture Poisson's

type strength strength modulus toughness ratio

Al alloy [MPa] [MPa] [GPa] [MPa]

7075 T6 570 505 72 22.5 0.33

2024 T3 485 345 73 22.3 0.33

6061 T6 310 275 69 29.1 0.33

Fig. 1. An overview to the experimental equipment
used in the research at the civil engineering mechanics
laboratory: (a) impact testing machine, (b) connections
to the data acquisition system.

in two stages. In the �rst phase of the study, only free
drop tests were performed experimentally. In the sec-
ond phase, both experimentally and numerically studies
were performed. The �rst group of experiments was per-
formed using the rectangular tube-shaped landing gears.
In the second group of experiments, the circular tube-
shaped cross sectional landing gears were manufactured
and used. The experiments are described in detail in the
following sections.

TABLE IISpeci�cations of the free drop tests procedures
applied on the skid girder prototypes.

Exp. Height of the Weight of head Dimension of Aluminum

num- free fall test and link element skid girder type of the

ber [mm] [kg] [mm] landing

gear

1 500 7.5 K = 2 7075 T6

2 500 7.5 K = 3.5 2024 T3

3 500 7.5 K = 5.5 2024 T3

4 500 7.5 Ø = 3.5 6061 T6
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2.1. Experimental details

The sample used in the �rst experiment was 2 mm
thick and made of 7075 T6 aluminum alloy material.
The second test sample was 3.5 mm thick and made of
2024 T3 Al-alloy material. The landing gear of the third
test sample was 5.5 mm thick and made of 2024 T3 Al
material. All of these three materials had a Π sharp-
shaped tube structure. They only varied in their tube
thicknesses.
Landing gear of the fourth sample of test material,

made of Al-alloy 6061 T6, with 11 mm diameter and
2.5 mm wall thickness, had circular cross-section of the
∩ soft-shaped tube type. The �rst test material, coupled
to the test rig, is shown in Fig. 1, where it is set to 500 mm
fall in height. The dimensions of the test specimens are
given in Fig. 2.

Fig. 2. Geometric dimensions of the test specimens
(mm) : (a,b) Π sharp-shaped skid landing gear test
specimen-1, (c) side view ∩ soft-shaped of skid, (d) side
view of leg, (e) top view of skid, (f) ∩ soft-shaped skid
landing gear test specimen-4.

2.2. Experimental results

The results obtained from the four experiments are
listed in Table III. It was concluded that the best stress
distributions were measured on the fourth landing gear
specimen when compared to other specimens. According
to the results obtained from the �rst three experiments,
it was determined that this crash loading caused concen-
tration of maximum stress distributions at the cutting
edges of the skid gear, instead of homogeneous stress dis-
tribution over the entire structure.
The results were evaluated from two perspectives; the

�rst perspective was related with the cross sections of the

skid gear and the second one was related with the shape
of its bent segment. In other words, the use of circular
cross sections in place of the rectangular ones caused ho-
mogeneous distribution of the stresses in the tubular skid
gear structures. Application of skid gear arms with cir-
cular cross section, instead of sharp corners, caused the
uniformly distributed stresses in the structure and thus
these geometries have prevented the stress concentration
at speci�c points of the object at crash landing. Pho-
tographs of the Π sharp-shaped and ∩ soft-shaped skid
landing gear are shown in Fig. 3a and Fig. 3b respectively.
Stress and strain measurements showed a progressively
decreasing values, inversely proportional to the cross sec-
tional area of the landing skid gear of specimens 1, 2 and 3
respectively. The �rst tubular specimen had 2 mm thick-
ness, while the second and third skid landing gear had
tube thicknesses of 3.5 and 5.5 mm respectively. The
fourth �bridge cradle� had a thickness of 2.5 mm (wall
thickness), nearly equal to that of the �rst �bridge cra-
dle�. The fourth sample also had a circular shape while
the �rst �bridge cradles� had a rectangular cross section
(Fig. 2b, Fig. 2f).

TABLE IIIDrop tests and obtained measurements.

Experiment Strain Stress Acceleration Force Velocity

no [m/m] [MPa] [m/msec2] [kN] [m/msec]

1 0.0062 445 386 12.00 0.89

2 0.0016 116 302 3.50 0.85

3 0.0022 163 513 7.12 0.59

4 0.0082 568 161 3.27 0.67

Fig. 3. Views of the test specimens with strain gauges:
a) rectangular cross sectional Π sharp-shaped, b) circu-
lar cross sectional ∩ soft-shaped.
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Accelerations of the free falling object and then the
time dependent force distributions, just after the impact
motion occurred, were measured by strain gauges. Strain
gauges were attached to the specimens at four points
(Fig. 3).
The acceleration versus time curves of four test speci-

mens are presented in Fig. 4. The load-versus-de�ection
curves of left and right legs are shown for comparison
in Fig. 5. It was shown that the de�ections of left legs
(Fig. 5a, 5c, 5e, 5g) of the skids were smaller than those
of the right legs (Fig. 5b, 5d, 5f, 5h). In comparison of the
measured acceleration and force data, it was shown that
the fourth, cross tube ∩ shaped specimen, gave lower val-
ues than the other three samples. The structure of this
case, as mentioned above, was most suitable for dissipa-
tion of the impact energy.

3. Numerical simulations of crash landing tests

by �nite element analyses

Mathematical modeling of the free fall of the skid type
landing gear and its crash to the ground were simulated
by two successive numerical solutions. In the �rst step,
the fourth experimental landing skid gear model was val-
idated by using the �nite element code ANSYS. In the
second step numerical results were modi�ed by using a
new design geometry (Table IV) and solution technique.
Here, ØF , ØL, refer to the diameters of the skid for the
�rst and last simulations. Implicit type free drop FEA
was performed with the mesh element Solid-185. The
total number of hexagonal mesh elements was 59767.
Fourth landing gear used in the experiment had un-
dergone plastic deformation. Experimental results have
shown that the measured stresses were not in the elastic
limits and, as a consequence of this, the design of the
landing gear was aimed to be done by using the �nite el-
ement model optimization. The performed FEA for the
optimization of the dimension in terms of the radius of
the landing skid gear, in terms of �bridge cradle�, and
�skid� was obtained from �ve di�erent solutions. In a
sense, keeping the design within the elastic limits, was
achieved by increasing the size. ANSYS analyses were
performed according to the given geometrical dimensions
(Table IV).

TABLE IVUsed geometric parameters within
ANSYS code.

Model Outer Inner Outer Inner

diameter diameter of diameter of diameter of diameter of

(F:First, the bridge the bridge the skid the skid

L:Last) cradle cradle [mm] [mm]

[mm] [mm] [mm]

ØF 8.5 5.0 11.0 7.5

ØL 12.0 5.0 13.0 7.5

The data obtained from experimental measurements
during the time interval between 0 and 1.5 msec (time
interval the ground impact) were applied to the last nu-
merical model. As can be seen in Fig. 6, 36 di�erent force
values were plotted during 1.5 milliseconds.

Fig. 4. Gravitational acceleration (g) versus time
(msec) curves of test specimens during the impact:
(a) specimen-1, (b) specimen-2, (c) specimen-3, (d)
specimen-4.

These real values were substituted into the LS-DYN
module of ANSYS. The obtained results are listed in
Table V. The results agreed reasonably well with those
found by using the modi�ed model. Results of appli-
cation of the FEA model of the stresses generated with
crash loading are presented in Fig. 7 as well. Numerical
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Fig. 5. Impact load (kN) versus displacement (mm)
curves of skid gears: left leg of the skids are considered
for the specimen-1, specimen-2, specimen-3, specimen-4
(a, c, e, g) and right leg of the skids are considered for
the specimen-1, specimen-2, specimen-3, specimen-4 (b,
d, f, h).

Fig. 6. Determination of the maximum impact load of
the specimen-4.

TABLE VComparison of experimental and numerical
results obtained from the fourth specimen.

Model types Total displa- Lateral Stress

cement Strain σ

δ [mm] [mm/mm] [MPa]

Free Drop Test 3.92 8.2× 10−3 568

(experimental)

FEA-Original Model 3.10 7.5× 10−3 520

(numerical)

FEA-Modi�ed Model 8.20× 10−4 2.7× 10−3 193

(numerical)

Fig. 7. ANSYS stress solutions for the crash landing
of the skid gear (maximum stress : 660 MPa): (a) av-
erage stress distribution on the circular cross sectional
∩ soft-shaped landing skid gear, (b) mesh system and
hexagonal mesh elements used in ANSYS LS-DYN so-
lution.

and experimental results were veri�ed in terms of stress
distributions at the locations where strain gauges were
attached to the skid surfaces.
Finite element analysis and experimental results of the

fourth experiment are in agreement with an error of 7.1%.
Finally, �nite element model was developed throughout
the optimization of dimensions of the fourth specimen
and then the obtained force versus time values were ap-
plied to the program in order to simulate the crash land-
ing of skid gears (Fig. 8, Table V). Maximum values ob-
tained for the modi�ed specimen occurred at the middle
segment of the bridge cradle as;

(i) the maximum de�ection:
δmax = 0.1067× 10−3 mm (Fig. 8a),

(ii) the maximum elastic strain:
εmax = 2.077× 10−5 (Fig. 8b),

(iii) the equivalent von-Mises stress:
σmax = 98.481 MPa (Fig. 8c),

(iv) maximum principle stress:
σmax = 114.52 MPa (Fig. 8d).

4. Conclusions

The results of the veri�cation process, obtained from
experimental methods, were taken into account during
the numerical simulations, in order to obtain the best
design for skid gear. Based on this study the following
conclusions were reached:

� The experimental procedures were repeated under
the similar conditions by increasing thickness of
tubular section of the skid geometry. Thus, the di-
mensions of �nite element model changed accord-
ingly. Though the analysis was validated, it was
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Fig. 8. Numerical results of crach landing test by AN-
SYS LS-DYN: (a) total deformation δmax, (b) equivalent
elastic strain εmax, (c) von Mises equivalent stress σmax,
(d) Principle stress σmax.

observed that the prototype specimens of the land-
ing gear manufactured for the fourth experiment
still undergo considerable amount of plastic defor-
mation during landing. The analysis was carried
out repeatedly with ANSYS in order to obtain an
optimized model, and it was showed that the new
prototype numerical model of landing gear was 1.5
times safer.

� As the �nite element analysis and the experimental
stress and strain values were compared, a 9.67%
error was detected.

� As it is concluded from the references cited in the
work, the desired feature of a skid type landing
gear is that it must be able to absorb the nearly
whole impact energy, formed during landing, by re-
maining in the elastic zone, and when the impact
ends, it is expected to regain it's original shape. In
our study, this condition was ful�lled with approx-
imately 10% error, the work was assumed to be

complete and it was determined that the landing
gear model satis�ed physically the desired safety
criteria.
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